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SERT 11 CBMMUMCATIOPaS SYSTEM DESIGN 
by Robert J. Zakrajsek and Edward J. Domino 
Lewis Research Center 
SUMMARY 
This report  is a description of the communications system a s  utilized by the Space 
Electr ic  Rocket Tes t  I1 (SERT 11) spacecraft .  The communications system is composed 
of a PCM-FM-PM telemetry downlink and a multitone-AM command uplink. The commu- 
nications system is compatible with the Space Tracking and Data Acquisition Network 
(STADAN) managed by Goddard Space Flight Center (GSFC) which is responsible for  data 
acquisition and commanding of the SERT H spacecraft. Design calculations a r e  included 
in the following areas:  e r r o r  analysis, bandwidth calculations, radiofrequericy link cal-  
culation, and antenna system design. The systems'  configuration a r e  described which 
includes the system type and function, signal flow, and the spaceborne -ground compat- 
ibility requirements.  The component descriptions include the type, function, specifica- 
tions, and compatibility requirements where necessary. Also described in this repor t  is 
the unique type of verify system which permits  verification of a command, via telemetry, 
pr ior  to its execution. To  date,  the communications systems have performed per  the de-  
s ign calculations. Of the 2873 commands transmitted to date, the spacecraft  did not r e -  
spond to 0.104 percent of the commands. 
INTROD UC TION 
The SERT 12 flight program is a 6 -month continuously operational life tes t  of a m e r  - 
cury bombardment ion thruster system. The conduct of the mission requi res  that experi-  
ment and housekeeping data be transmitted to the SERT 11 Control Center (SCC) for  anal- 
ys i s .  It is also necessary to operate the equipment aboard the spacecraft  which requi res  
that commands be transmitted to the spacecraft  from a remote tracking station. The 
telemetry and command system must be compatible with the Space Tracking and Data Ac- 
q u i s i t i o ~  N e b o r k  (STADAN) which is managed by Goddard Space Flight Center (GSFC). 
Goddard is respomible  fo r  data acquisition, t ransmission of s e a l  t ime data to the SCC, 
and commanding 06 the epaeeerdt. 
This report presents a description of t h e  SERT IT Gelexnetry systems operation krrllickt 
i s  fohlowed by descriptions of each of the  telemetry sys tem components and their opsa-  
tion i n  the system. The cop_lmunieations systems requirements s1-e presented in this re-- 
port as backgroulld for the design of the system. An e r r o r  analysis is inelrlded using 
both the root sum of squares (RSS) m d  worst case m e t h d  of analysis. A unique f eattare 
of the SERT I1 command system is ground command verification prior to execution of a 
command. This is described generally for the complete command system operations and 
in detail in the individual component descriptions. The description of the radiofrequency 
(rf) system components is preceded by the general system description. Also included in 
the rf system section a re  the telemetry bandwidth design, the rf link calculations, and 
the antenna system design information. 
BACKGROUND 
The SERT I1 communications system is required t o  gather the instrumentation and 
status outputs from the experiments and telemeter them in r ea l  time to the SCC via the 
STADAN and NASA Communications Network (NASCOM) ground networks. The commu- 
nications system is compatible with both the STADAN and NASCOM ground networks with 
a minimum of program peculiar modifications. 
The telemetry system requirements a r e  
(1) Command verification signals to the SCC in r e a l  time 
(2) Data storage during that part  of an orbit  which STADAN coverage is unavailable 
(3) A cumulative telemetered indication of spacecraft t ime for  r e a l  time and s tored  
data  s t reams to be correlated to ground time references 
(4) A means of calibration of the data handling system 
(5) Synchronizing pulses for experiments on-board the spacecraft  
The command requirements a r e  
(1) Real  time command control of the SERT I1 spacecraft  f rom the SCC 
(2) Ground verification of a command shall  be accomplished prior to the execution 
of that command 
(3) The command send ra te  shall be one command every 5 seconds or f a s t e r  
The rf system requirements a r e  
(I) Acceptable coverage over a t  least  90 percent of the radiation sphere 
(2) The frequency of operation shall be a s  follows: 
(3) The anteaana system shal l  be coa~tairaed witllin the spacecrdt  structure or on the 
outer circumference of the structure. 
DATA H A m L I M G  SYSTEM 
General Description 
The data handling system is composed of three frequency multiplexed channels which 
modulate a 350-milliwatt phase modulated t ransmit ter .  The f i r s t  channel (560-Hz center 
frequency) is modulated by a command verify signal in an 11-bit Return to Zero (RZ) for -  
mat  transmitted at 8.75 bits per second (bps). The second channel (2. 3-kHz center f r e -  
quency) is modulated by the r e a l  t ime telemetry in a Nonreturn to Zero-Change (NRZ-C) 
format  transmitted at 35 bps. This pulse code modulation (PCM) telemetry system has a 
capability of 240 subcommutated, 5 commutated, and 6 supercommutated channels of 
housekeeping and experiment data. Calibration voltages a r e  applied to the subcommu- 
ta tors  to verify proper operation of the telemetry components and improve the system 
accuracy. The third channel (5.4-kHz center frequency) is modulated by the spacecraft  
tape recorder  playback data in  a NRZ-C format  a t  560 bps. This data is recorded a t  a 
remote tracking station for  transmission to the SCC . 
The data multiplexing system is composed of four 60-channel pulse amplitude modu- 
lation (PAM) subcommutators which a r e  four of the sixteen inputs to the PCM multicoder. 
The multicoder performs as main commutator, multiplexer, and analog to digital (A/D) 
converter.  The PCM outputs a r e  routed to the inputs of both the Inter Range Instrumen- 
tation Group (IRIG) channel 7 (2300-Hz center frequency) voltage controlled oscillators 
(VCO's) and the tape recorders .  
The tape recorder  is a frequency modulated (FM) type instrument capable of record-  
ing data for 144 minutes and playing it back in less  than 9 minutes (16-to-1 reproduce to 
record  speed ratio).  The tape recorder  output is f i r s t  passed through a 560-hertz fi l ter 
(to limit the spectral  occupancy) and then into the IRIG 10 (5.4-kHz center frequency) 
VCO. The three VCO's a r e  then combined in a mixer amplifier and routed to the desired 
t ransmit ter  through a modulation select  relay. Figure 1 is a simplified block diagram of 
the data handling system. 
The experiment and housekeeping data is divided among four subcommutators. With 
this  arrangement,  it is possible to receive sufficient spacecraft  data to support the mis-  
sion with any three operating subcommutators. 

Tape recorder  asad filter. - The tape recorders as ukilked for  SERT E are two- 
-
t rack,  reel- to-reel ,  PM ins t ruments  (fig. 4). Two redundmt recorders  w e  provided. 
They have the capability of recording for approximately 144 nlintiies and playiilg this in-  
formation back in less &an 9 minutes. This resu l t s  in a reproduce to record s p e d  ra t io  
of 16 to 1. The 35-bps M Z - C  data is speeded up by that ra"crio and appears a s  560-bps 
NRZ-C output of the recorder.  Each of the unfiltered PCM outputs of the multicoder in 
use is applied to both tracks of the recorder. The track utilized is determined by the 
track select relay which selects the playback data on either track 1 o r  track 2. The 
same track is selected for both recorders. The 560-bps PCM signal is then fed to  the 
560-Hz filter which limits the spectrum cutoff at 560 hertz with a rol l  off of 18 decibels 
per  octave. Also provided in the filter is an isolation network. The operational mode is 
such that, fo r  either recorder in playback (the other being off), two output signals a r e  ob- 
tained from the isolator for  the two VCO's, one of which is redundant. 
Modulation select.  - A relay is provided to select the transmitter to be modulated 
from the isolated mixer outputs. This relay acts a s  a switch to transfer both mixer out- 
puts (only one of the mixers being on) to both modulation inputs of the selected transmit- 
t e r .  A status monitor is provided to indicate the transmitter selected. 
Calibrator. - A solid state dc-dc converter is provided a s  a calibration source of 
2.46 and 5.002 * 0.01 volts. This is provided to evaluate the e r r o r s  incurred in multi- 
plexing and A/D conversion. Decimal counts of 30 and 61 a r e  obtained a t  the A/D con- 
verter  output for these two signals, respectively. The calibrator consists of an input 
se r i e s  regulator, a transformer converter, and an output ser ies  regulator and filter.  
Time code generator. - The time code generator (TCG) is a solid state internal 
counter which provides cumulative satellite time to telemetry and a clocking signal for  
command memory readout. The TCG is utilized to provide time verify correlation for  
both rea l  time and playback data. The time code consists of five decimal characters and 
is updated a t  the s tar t  of each major frame (every 4 min), thus providing a maximum 
cumulative time count of 277 days (4 min X X 99 999). The time code decimal characters 
a r e  brought out on 20 lines (4 bits per character) which a re  sampled once every 4 minutes 
by the multicoder. The TCG also has provisions for accepting three commands: zero 
rese t ,  up count, and down count. In addition, the TCG provides a 17.5-pulse-per-second 
square wave signal for the command verify readout. The TCG consists of a regulated 
power supply, a crystal  oscillator (stability, *0.01 percent), a binary countdown chain 
(143.6 kHz down to 1 pulse/$ min), and an output Binary Coded Decimal (BCD) register.  
Telemetry E r r o r  Analysis 
General .  - The makysis attempts to include all signgicant e r r o r  sources,  with the 
--- 
exception sf the  "Lransdueers, signal eonditionhg, and final. analog display device, since 
5 
these errors depend on the  type of instrumentation channel involved, Typical values 
were assulned for the figst two type8 of error soaprces a t  the conciausion of each analysis 
in an attempt to give a biter understanding oi the tobait overall error involved. Overall 
system errors of I. 59 and 3.35 percent of f u l l  scale were obtained for the RSS and wos*st 
case approaches, respectively. 
The e r r o r  model of the telemetry system which was used in both cases is shown i r l  
block diagram form in figure 5. The model considers all data handling and processing 
operations to be in a s e r i e s  arrangement between input and readout. E r r o r  character-  
istics of the data handling elements involved are shown in table I. 
Root sum of square method. - This approach combines the worst case e r r o r  contri-  
butions of the equipment by RSS. The subcommutator effective e r r o r  signal contrib..cion 
E l  is 
where 
Vb 
6 e r r o r  due to back current ,  IbZout = (0 .3~10-  ~ ) ( 5 ~ 1 0 ~  51) = 1.5 mV 
vk e r r o r  due to  nonunity gain, (5000 mV) (0.0005) = 2.5  mV 
v0 
offset e r r o r ,  rt2 mV 
vs scat ter  e r r o r ,  k500 pV 
vx crosstalk e r r o r ,  (0.001)(5000 mV) = 5 mV 
v1 linearity e r r o r ,  (5000 mV)(O. 0005) = 2 . 5  mV 
'n 
internal noise e r r o r ,  &2 mV 
vz e r r o r  due to nonzero data output impedance, 
and 
Ib back current 
out output impedance, 
'in input impedance, fi 
Then 
The effective e r r o r  signal contribution due to  the PCM multicoder E2 is 
where 
vb back current  e r r o r ,  IbZoUt = (0. 3x10m6)(20) = 6 pV 
vk nonunity gain e r r o r ,  (5000 mv)(O. 0005) = 2 .5  mV 
vo offset e r r o r ,  ,t2 mV 
vs sca t te r  e r r o r ,  -1500 p V  
vx crosstalk e r r o r ,  (0.001)(5000 mV) = 5 mV 
v1 linearity e r r o r ,  (5000 mV)(O. 0005) = 5 mV 
'n internal noise, -12 mV 
vz e r r o r  due to  nonzero subcommutator output impedance, 
000 m 'out, subcom 4. 7 x 1 0 ~  51 
out, subcom + 'i 
= 0.47 mV 
Vcr quantizing e r r o r ,  (5000 mV)(O. 004) + 41 mV = 61 mV 
and 
'out, subcom subcom mutator output impedance, L? 
Since Vb is relatively smal l ,  i t  is neglected and 
The combined e r r o r ,  due to the subcommutator and multicoder, is 
The rf communications link t ransfers  the digital data  from the multicoder to  the 
6 ground system equipment with a bit e r r o r  ra te  of 1 bit in  10 in the r e a l  t ime mode o r  1 
5 bit in 10 in  the recorder  playback mode. Considering the parity check bit, best avail- 
able information indicates that r m s  analog e r r o r s  introduced by these bit e r r o r  proba- 
bilities does not exceed 0 .01  percent; their effect on the system e r r o r  is therefore 
neglected. 
The ground readout equipment, neglecting the final analog display device, introduces 
e r r o r  only after the D/A conversion in the linearity e r r o r  of the D/A converter.  Calling 
this e r r o r  source VL gives 
VL = D/A linearity e r r o r  = (0.001)(5000 mV) = 5 mV 
The total e r r o r  is 
This total e r r o r  corresponds to 1.24 percent of the 5-volt full-scale signal, but does not 
include the e r r o r  contributions of sensor ,  signal conditioning, o r  analog display device. 
By denoting the f i r s t  two of these in  millivolts by VS/VC, respectively, the overall  s y s -  
tem er lsor  would be 
In an attempt to give a more complete picture of the total system e r r o r ,  "typical" values 
were assigned to  the r emah ing  e r r o r  values a s  follows: 
VS = =to. 707 percent = (0.00707)(5000 mV) = 35 m V  
VC = .LO. 707 percent = (0.00707)(5000 mV) = 35 rnV 
The overall sys tem error is then 
Thus, when typical sensor  and signal conditioning e r r o r  contributions a r e  included, the 
system RSS e r r o r  is 1.59 percent of full scale .  
Worst case  method. - This approach considers all the e r r o r  sources being s imul-  
taneously maximum in the same direction, s o  that a l l  sources add directly. The e r r o r  
sources  a r e  retabulated in  table 11. 
If typical values a r e  assigned to  sensor  and signal conditioning as in the RSS ap- 
proach, a total overall  system worst case  e r r o r  is obtained, that i s ,  
VS = 0 . 7  percent 
VC = 0.7  percent 
-
1 . 4  percent 
Other sources from table I1 1.95 percent 
Total system e r r o r  3. 35 percent 
COMMAND SYSTEM 
Gener a1 Description 
The command system fo r  the SERT I1 spacecraft  is the STADAN multitone-AM s y s -  
tem. The system contains two redundant receivers  operating at the same frequency, a 
command decoder with redundant power supplies to  permit  decoding 108 commands from 
each "half" of the decoder, and the command verify circuitry (fig. 6). One unique ad- 
d r e s s  tone with a combination of three of six command tones comprise the system which 
provides 216 separate  o r  108 redundant commands. A unique feature of the system is 
ground command verification pr ior  to execution of a command. This is accomplished by 
the 560-hertz channel of telemetry in which the signal, when decoded, displays the com- 
mand number transmitted to the spacecraft. During the verification time, the command 
is stored in the decoder. Upon positive verification, the command is then executed by 
t rmsmiss ion  of the address  tone. The total number of commands utilized for  SERT PI is 
144; of these,  72 have backups. 
A valid command consists of the SERT I address tone followed by any combination 
of the s ix  sys tem command tones, The lone burst occur every second with a duration 
of 0 , s  second, so that the time envelope of the eom?xrand is 4 seconds, Since the identity 
of any command is determilled by the particular combination of three tones involved, the 
3 
system has a capacity of 6 o r  216 commands. 
Component Descriptions 
Receiver.  - The receivers  utilized for  SERT II a r e  solid state units which receive 
in the 148-megahertz frequency band (fig. 7). The received command transmission is 
demodulated, and the audio tones from the demodulator a r e  delivered to  one of the r e  - 
dundant inputs of the decoder fo r  processing. 
The receiver  character is t ics  a r e  as follows: 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Frequency band, MHz 148 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Noise f igure,  dB 8 
Minimum sensitivity (at 10-dB SNR), dBm . . . . . . . . . . . . . . . . . .  -101 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Image rejection, dB 80 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  Spurious response,  dB -60 
I F  bandwidth, kHz 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Minimum (at -6 dB) 35 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  Maximum (at -60 dB) 110 
Output bandwidth (rt2 dB), kHz . . . . . . . . . . . . . . . . . . .  1 to  7 
. . . . . . . . . . . . . . . . . . . . . . . .  Local oscillator stability, kHz &2 
. . . . . . . . . . . . . . . . . . . . . . .  Standby power (at 28 V dc), mW 450 
. . . . . . . . . . . . . . . . . . . . .  Interrogate power (at 28 V dc), mW 700 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Size, c c  356 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Weight, k g .  0.73 
Decoder. - The decoder (fig. 8) receives the demodulated tone messages,  converts 
the tone format  into digital symbols, and s to re s  the digital version of the command r e -  
ceived in  a solid state memory. The decoder inhibits execution of the command until the 
address  tone is received again, permitting ground verification of the s tored command. 
The memory is automatically cleared at the end of 12.5  seconds, o r  it may be cleared by 
ground command in the event the stored command was in e r r o r .  Protection is provided 
against spurious signals o r  improper formats  in that: 
(1) The tones received must be between 200 and 800 milliseconds in length. 
(2) Spacing between tones must be behveen 200 and 800 milliseconds. 
(3) A tone may not occur during the normal off interval. 
(4) A tone may not be missing f rom the normal  four-tone pattern. 
In dd i t i on ,  the decoder is protected againshelil~essive current drain in bo"c the B+ 
regulator a d  output m a t r k ,  suela as is caused by a short-circuited output lo&. Exces-  
sive eusaeart levels deenerg%ze %he B+ f rom the decoder, 
When the decoder receives an execute command, an output signal is sent  through the 
appropriate p a 2  of output relay driver  Pines into the command distribution unit. There, 
redundant command outputs a re  interconnected. Some of the command pulses operate 
latching relays for  power switching of components and also provide status monitors and 
signal conditioning for the monitors. 
As each command tone is identified by the decoder, a code number is present on 
three output lines associated with that tone, that is, tone 1, 2, o r  3. This results  in nine 
parallel lines from the decoder to the command junction box where the verify circuitry is 
located. 
Verify system. - The verify system for SERT I1 performs in the following manner. 
AS each command tone is identified, i t  is coded and presented to the verify circuitry. 
After the second execute tone is identified, the presence of a tone code (1 to 6) s tar t s  the 
verify clock which divides the 17.5 pulse per second from the time code generator by two 
resulting in 8.75 pulse per second to operate the verify circuitry. 
The first bit transmitted is a synchronizing (sync) bit followed by the three bits iden- 
tifying tone number 1; next a re  the three bits identifying the second tone; and then the 
three -bit code for  the third tone. The final bit in the stream is a parity bit which is "up" 
to make an odd number of bits (sync bit excluded). Figure 9 illustrates the command 
timing and verify format. 
The verify format is a s  follows: 
Bit 
-
Function 
Sync 
Parity 
Two isolated outpub a e  provided to drive the owra t ing  mIG 2 VC0. 
The telemetry d e c d e r  at the SCC tu rns  on at the presence of the f i rs t  binary 1 (sync 
bit), This tusm on a delay oscillator to prersy that a binary 1 is still  present  1/4 pulse 
later.. E not, the ground decoder turns ofi. With the binary 1 s t i l l  present,  a sampling 
cihoek is turned on which deciphers the verify signal, The binary code is converted lo 
decimal numbers and the tone sequence is then presented on an  illuminated display. 
Upon positive verification, the address  tone is retransmitted to "execute" the s tored 
command. The minimum t ime to  t ransmit  and enable a command is 4.5 seconds; how- 
ever ,  this does not allow t ime to verify the command. The maximum t ime allowable to 
t ransmit  and execute the command is 16.5 seconds before the automatic c l ea r  resets  the 
decoder memory. 
RADIOFREQUENCY SYSTEM 
General Description 
The SERT I1 rf system consists of the two receivers  discussed previously, two phase 
modulated t ransmit ters ,  two diplexers,  three hybrids, four quarter  wave monopole an- 
tennas, and the necessary cables and phasing lines (fig. 10). 
A t ransmit ter  and a receiver  a r e  connected to each diplexer. Both diplexers a r e  
connected to  the main hybrid, which in turn is connected to the output hybrids. The an- 
tennas then connect to the two hybrids through appropriate length phasing cables. 
The SERT I1 t ransmit ters  radiate telemetry information continuously from the quar - 
t e r  wave monopole turnstile a r ray .  Normally, only one t ransmit ter  is on with the other 
being a standby unit. Sufficient power has been left in the c a r r i e r  t o  permit  interferom- 
e te r  tracking of the spacecraft  for  orbit  determination. 
Component Descriptions 
Transmit ters .  - The SERT It t ransmit ters  a r e  solid state phase modulated units 
- 
providing a minimum of 350 milliwatts of rf power to  the antenna system (fig. 1 I). Both 
t ransmit ters  a r e  identical except fo r  c a r r i e r  frequency. Both t ransmit ters  operate a t  
different frequencies in the 136- to 137-megahertz band. The t ransmit ters  consist of the 
following systems: regulated power supply, oscillator, modulator, frequency doubler, 
power amplifier, and f i l ter .  The following character is t ics  apply to the transmitter:  
. . . . . . . . . . . . . . .  Frequency band, W z  
Frequency st;2bilie9 percent . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  Output power, mW 
Frequency response,  Hz . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . .  Phase stability 
. . . . . . . . . . . . . . .  Spurious response, dB 
. . . . . . . . . . . . . . . . . .  LoadVSWR 1 
. . . . . . . . . .  136 to 13'9 
. . . . . . . . . . .  f0.003 
. . . . . . . . . .  350 (PEIM) 
. . . . . . . . .  350 to 3 x 1 0 ~  
. . . . . . .  . W i a i n  0.25 rad 
60 (min) . . . . . . . . . .  
5 to 1 (meets a l l  specifications); 
5 to 1 (survives without damage) 
Diplexer and hybrids. - Each diplexer provides a 40-decibel isolation between the 
transmitter and receiver a t  136 megahertz. Each of three hybrids provides 20 decibels 
of isolation a t  149 megahertz and 35 decibels a t  136 megahertz between the isolated ports. 
The insertion loss between input and output ports of the hybrid is less than 3.25 decibels 
a t  136 megzhertz and 3.4 decibels at 149 megahertz. 
Antenna system. - The antenna system consists of four quarter wave monopoles 
phased to provide right circular polarization towards earth with normal spacecraft atti- 
tude. The antennas a r e  arranged a s  dipoles operating from each output hybrid. This r e -  
sul ts  in the 0' phased stub and the -180' phased stub operating from the first output hy- 
brid and the -90' stub and -270' stub operating from the second output hybrid. This for - 
mation will essentially allow the radiation of a dipole pattern in the event of a failure of 
one stub. The stub 180' from the failed one will provide some fill-in to the pattern. 
Radiofrequency System Design 
This section documents the design calculations and constraints which led to the 
SERT I1 communications system rf link operating parameters and design configuration. 
Bandwidth. - STADAN frequency standards require that users  of the 136-megahertz 
frequency band for  telemetry purposes shall not exceed the assigned 30-kilohertz channel 
bandwidth a t  the 10-decibel points. In addition, it is required that the transmitted spec- 
trum outside the assigned channel band edges must fall off at 18 decibels per octave. The 
constraint of 30-kilohertz allowable rf bandwidth served a s  a primary starting point for 
the system design. 
Frequency variations: The useable spacecraft transmitter bandwidth is less  than 30 
kilohertz by the variations in transmitter frequency apparent to the ground station. The 
most important sources of these variations a re  Doppler frequency shift and transmitter 
instability - 
The Doppler shift is computed f r o m  
where 
hf maximum instantaneous received frequency shift 
v 3 maximum velocity of source relative to observer ,  r 6 . 3 6 ~ 1 0  m/sec 
C 8 velocity of light, 3x10 m/sec 
Then, ft transmitted frequency, 137 MHz 
3 8 (1 .37~10  Hz) *2.9 kHz 
3 x 1 0 ~  m/sec 
The t ransmit ter  instability of the SERT I1 t ransmit ter  is *0.003 percent of the as- 
signed frequency. Thus, a w o r s t  case shift would be about (0.00003)(1.37x108) = +4. 11 
kilohertz. 
The worst  case  ground-observed frequency shifts would occur when the aforemen- 
tioned two effects add, giving r i s e  to a shift of *7.O kilohertz. Consequently, the max- 
imum remaining bandwidth in a 30 kilohertz assigned channel is 30 kilohertz - 2(7.0) = 
16 kilohertz. Allowing fo r  +750 hertz to avoid distortion at the receiver  band edges and 
*750 hertz for  rece iver  stability, the available bandwidth fo r  transmission is further  r e -  
duced to approximately 13  kilohertz. 
With the usable bandwidth established at 13 kilohertz, an upper l imit is s e t  on the 
highest frequency subcar r ie r  than can be used in a frequency division multiplex sys tem,  
since the first sideband can  be displaced from the c a r r i e r  by no more than half the avail-  
able bandwidth. Thus, no subcar r ie r  higher than an IRIG 10 (5.4 kHz) can be used. 
Frequency division multiplex: Zn order  to avoid the development cost of the on-board 
data processing equipment, the decision was made to use subcar r ie r  oscillators.  The 
three sources of data  on the SERT Il spacecraft  have bit r a t e s  of 8.75 bps (NRZ), 35 bps 
(NRZ -C), and 560 bps (NRZ-C). 
Since the highest WIG subcar r ie r  which can be used is a number 10, the 560-bps 
data were assigned to this channel. The 35- and 8. '75-bps data s t r eams  were assigned to  
channels '7 and 2,  respectively. The required frequency responses and resulting modu- 
lation indices a r e  s u m m a r b e d  a s  follows f o r  the three subear r ie rs :  
where 
MI modulation index 
A F  ze ro  to  peak deviation of subcar r ie r  
Fm maximum modulating frequency 
Then 
- Bit ra te  - 560 - 280 Hz 
Fm - -- (NRZ -C data) 2 2 
and 
IRIG 7 
(NRZ-C data) 
Fm 3(Bit ra te)  = 26.2 Hz (RZ data  - no filtering) 
The frequency response for LaIG 7 and 10 is t&en a s  one-half of the bit rate because 
an alkesnte one-zero bit pattern will produce a square wave for every two bits. Low 
pass filters with cutoff ;zLL the bit rate axe used on charnels 7 and 10, so that only the first 
harmonic is passed.. 
The mPG 2 data a r e  udi l te red  to pe rmi t  the m a i m u r n  r i s e  time of the data. A l s o ,  
the low duty cycle of mcxlulation to this VCO idluenced the decision not to use a f i l ter .  
Since the data w e  uilfiltesed, their frequency response includes the third harmonic of the 
1 8.75-bit ra te .  The standard 7- percent deviation is used on a l l  channels. I t  is standard 
2 practice to use a modulation index of 2 f o r  coded data,  although any index grea te r  than 
one will allow a standard subcarr ier  discriminator to encompass the f i r s t  sidebands of 
the modulating signal. 
Transmit ter  modulation: The choice of t ransmit ter  modulation index is dictated both 
by the des i re  to place most of the spectral  energy in the 13 -kilohertz bandwidth available 
and a t  the s ame  time maintain sufficient energy at the c a r r i e r  frequency to  meet  the bea- 
con tracking signal requirements of the STADAN Minitrack system. In addition, an  upper 
limit of -1.10 radians r m s  deviation is imposed by the phase demodulator in  the ground 
station to avoid loss  of phase lock. In consideration of the aforementioned factors  and 
the following analysis, the transmitter phase deviation was s e t  a t  1 radian r m s  . 
For  a phase modulated (PM) system, the modulation index of each subcar r ie r  should 
be proportional to  the square root of the channel bandwidth, if equal signal to noise rat ios  
(SNR's) at the discriminator outputs a r e  to be maintained. Combining this  requirement 
with a 1-radian-rms total modulation level gives the following modulation indices (peak 
phase deviation) fo r  the three subcarr iers :  
WIG channel 2 : he2 = 0.37 radians peak 
IRIG channel 7 : A07 = 0.75 radians peak 
IRIG channel 10 : helO = 1.14  radians peak 
The fraction of total  power retained in the c a r r i e r  is 
J0(aQ2) JO(ae7) Jo(aQlo = 0.342 (-4.6 dB) 
where 
c a r r i e r  power 
=?lp total  power 
JO(BG) Bessel 's  coefficient of order  zero  
The usable subcarrier fractional power is given by 
where 
Psc subcar r ie r  power 
J ~ ( A % )  Bessel ' s  coefficient of order  1 
The power fractions for  the three subcar r ie rs  thus obtained a r e  
2 = 0.0243 (-16.1 dB) 
P~ 
3 = 0.112 (-9.5 dB) 
P~ 
P1o 
-= 0.324 (-4.9 dB) 
B~ 
In summary,  approximately 34 percent of the power remains in the c a r r i e r ,  46 per  - 
cent in the usable subcar r ie r  sidebands, and 20 percent is lost in higher order  and c r o s s -  
modulation t e rms  . 
The frequency band which contains approximately 99 percent of the rf spectral  energy 
is 
where 
f m  highest modulating frequency, Hz 
M peak t ransmit ter  phase deviation, radians 
Then 
A%t"iloggh this exceeds the 13-kilohertz usable bandwidth discussed ea r l i e r ,  it does 
not violate the S T m A N  bandwidth standards.  This is shown by figure 12,  where the f se-  
queney half-spectrum is plotted with the STADAN limitation superimposed. It i s  a lso 
evident that a 30-kilohertz predetection receiver bandwidth is adequate. 
Radiofrequency link calculations. - The three ITGO channels a r e  phase modulated on- 
to the rf c a r r i e r  with a total modulation index of 1 radian r m s .  The portion of t rans-  
mitted power a t  the c a r r i e r  frequency is sufficient for  beacon-interferometer operation. 
Consequently, one t ransmit ter  swffices fo r  both the telemetry and the Minitrack tracking 
beacon functions. The modulation indices of the individual VCO's a r e  1.14,  0.75, 0. 37 
radians peak for  the IRIG channel 10, 7, and 2 oscillators,  respectively. 
The rf power budget given in table III(a) is computed for  each channel as follows: 
where 
'i channel signal level 
P~ transmit ter  power 
G~ transmitting antenna gain 
L~~ f r ee  space loss 
GR receiving antenna gain 
L~ ground system losses  
P8 channel power f raction, i. e . , Pchannel/Ptransmitter 
and 
SNR = Si - Ni 
where 
'i = channel signal level 
Ni = channel noise level 
and 
Margin = S N R  - threshold 
The S N R  values shov~n a r e  those in the discriminator o r  tracking loop b a d w i d a s .  
The SNX for  E S G  channels 2 a d  '9 indicates the level of the  signal applied t o  the eommu- 
nieations circuit at the ground station for t rmsmiss ion  to the SCC, The tracking S N R  
col-responds to the residual c a r r i e r  power fur tracking in tlae Minitrack fine measure- 
ment channel. The margin for  all channels increase by 9.7 decibels near zenith. 
Listed in table ID(b) is the rf power budget f o r  the command uplink. The 200-watt 
t ransmit ter  with a f 0-decibel gain antenna is the STADlnN's minimum command con- 
figuration, which provides 8 decibels of margin. 
Antenna design. - Coverage: A circularly polarized turnstile a r r ay  of four mono- 
poles was selected for  the SERT I1 antenna system (see fig. 13) .  This system is utilized 
for  both telemetry and command transmissions. The pattern characteristics of this a r -  
rangement were investigated in a study of the one-tenth scale model of the SERT I1 ve-  
hicle. The study showed that the turnstile a r r ay  was capable of meeting the coverage r e -  
quirements of 90 percent of the radiation sphere at both frequency regions of interest.  
Figure 14 shows the composite antenna pattern obtained f rom the one -tenth scale  
model measurements.  A summary of the coverage obtained is shown hereinafter. The 
"composite" case  corresponds to the actual polarization diversity situation to be used by 
the STADAN network, where the la rger  of the two polarizations is the one selected. It is 
evident that the -7-decibel-gain figure used in the rf link calculations is exceeded over 
90 percent of the radiation sphere.  
Impedance: The optimum length of the monopoles can be obtained approximately 
from figure 3-4  in Jasik (ref. 1). The reactance is seen  to be zero  in the frequency in- 
terval  of interest  for  a length of about 82 electr ical  degrees.  This indicates the length of 
the monopoles to be about one-fourth wave-length at  143 megahertz (center frequency of 
the interval of interest)  reduced by a factor of 82/90, o r  
Polarization 
Eo (see fig. 14) 
E (see fig. 14) 4 
Composite 
where 
e veloci.i;gr of light, ern/see 
f freqixency,Hz 
Gain, dB 
I I 
-16 -6 -10 
Coverage, percent 
92. 1 
98.5 
99.8 
84.1 
83.3 
89. 9 
89.3 
94.5 
99.0 
Corasequently, the expected optimum lengtl~ should be approximately 
Impedance measurements  were taken on the flight model antennas mounted on a full-  
scale mockup simulating the spacecraft  support unit (SSU), the spacecraft ,  and the f i r s t  
1 .2  meters  of the Agena vehicle. The measured values of impedance a r e  plotted in f ig-  
ure  15. It can be seen  that a VSWR circle  passing through both frequency curves having 
minimum radius corresponds to an  optimum stub length of about 47.6 centimeters.  
The impedance was also measured as a function of frequency f o r  a fixed length of 
47.8 centimeters and the data  a r e  plotted in figure 16. It is evident f rom these f igures  
that a VSWR of l e s s  than 1 .5  to 1 can be obtained with no impedance matching network. 
From figure 16, VSWR ci rc les  of 1 .31  to 1 and 1.44 to  1 can be drawn through the 
points of 136.5 and 149 megahertz, respectively. The efficiency of power t ransfer  t o  the 
antenna is given by 
E = [ - - 171 x 100 percent 
VSWR + 1 
The indicated efficiencies at the SERT 11 frequencies a r e  a t  136.5 megahertz: 
E l  = [ - (efl 100 percent = 98.2 percent 
2 .31  
and a t  149 megahertz: 
E 2  = -(-)I x 100 percent = 96.7 percent 
2 .44 
System design considerations: A block diagram of the rf network of the SSU is 
shown in figure 10. The antenna system is shared by the command and telemetry systems 
via redundant diplexers. The diplexer outputs a r e  combined in a hybrid to  allow either 
diplexer to function independently with the turnstile a r ray .  The four monopoles a r e  fed 
in pairs  with the phasing arrangement shown by two additional hybrids, one for  each 
pair .  This arrangement,  in conjunction with the phasing scheme used, allows a dipole 
pattern to be obtained in  the event of failure of either hybrid. 
The coverage obtained with a dipole pattern is still  quite good, as can be seen ill fig- 
r_lre 17. The only nulls a re  off tho ends of "Ehe two active monopoles where the field inten- 
sity is below -7 decibels only for  polar angle 8 < 25O. The coverage is given by the 
solid angle of the null. divided by the solid angle in a hemisphere or ,  
1 1 1 Coverage = - dQ = - sin 0 do d$ = - ( 2 ~ )  
271 2 71 2 IT 
= -(0 - 0.906 91  percent (14 ) 
This analysis excludes the effects of the space vehicle and the solar  a r ray  which were 
considered negligible. 
CONCLUDING RE MARKS 
The SERT I1 communications system has performed well to date with no failures. 
One anomaly was observed upon solar panel deployment. The fluctuations in the house- 
keeping ar ray  voltage caused the time code generator to count erratically and read 249 
days. After the initial anomaly, the time code generator counted properly, and on Feb- 
ruary 9, 1970 was rese t  to zero  and has counted properly since. 
The STADAN stations have been able to acquire the spacecraft telemetry nearly at 
the horizon and the maximum signal strength received from the spacecraft was -86 dBm. 
These observations confirm the link calculations. 
A characteristic of the ion thruster  system, as utilized fo r  the SERT I1 mission, is 
that it a r c s  occasionally. Arcing can induce a transient on the telemetry lines of up to 
400 volts peak with a time to f i r s t  peak of approximately 200 nanoseconds. During 
ground testing the input gates of these subcommutators were damaged by these transients. 
To protect the subcommutator input gates from this transient, a filter box was installed 
on the spacecraft. Future spacecraft should also provide protection for  the input gates, 
either separately o r  internally. In addition, these transients caused loss of synchroni- 
zation of the subcommutators in ground testing during engine startup. For  additional 
protection al l  of the telemetry equipment should be contained in one box to provide addi- 
tional isolation, and al l  wiring should be  shielded. 
As of June 30, 1970, 2893 commands have been transmitted to the spacecraft. Of 
these, 34 were not verified and were retransmitted, Three of the commands were veri- 
fied and executed, but the spacecraft did not respond, One of those was probably due to 
late timing of the enable tone which was preceded by the automatic clear of the decoder, 
2 1 
T h e  reason for the Pack of response of the  o ther  4x0 commands is urak;nown, Of the total. 
commands transmitted, % , I 8  percent were  not verified correctly and were retransmitkd, 
The p e r c e n h g e  of the total commands transmitted attribtldabke to the nonresponsive eom- 
mand is 0,184 percent, 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, October 21, 1970, 
704-13. 
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TABLE I. - EQUIPNIEN?' ERROR CHARACTERISTICS 
+O percent, -0.05 percent 
TABLE 11. - WORST CASE ERROR 
Subcommutator nonunity gain 
Subcommutator offset 
Subcommutator scat ter  
Subcommutator crosstalk 
Subcommutator linearity 
Subcommutator internal noise 
Nonzero data output impedance 
Multicoder back cur ren t  
Multicoder nonunity gain 
Multicoder offset 
Multicoder scat ter  
Multicoder crosstalk 
Multicoder linearity 
Multicoder internal noise 
Nonzero subcommutator output impedance 
a ~ o t a l  e r r o r  corresponds to 1 . 9 5  percent of 5-V full-scale 
signal. 
TABLE 111. - RADIOFREQUENCY POWER BUDGET 
[Calculations a r e  for  maximum slant  range of 3600 km. ] 
(a) Downlink 
Space loss  (3600 km), dB 
Receiving antenna gain, dB 
Channel power fraction, dB  
Channel signal level, dBw 
Channel noise level, dBw 
(b) Uplink 
Transmit ter  antenna gain, dB 
Space loss  (3600 km), dB 
Receiving antenna gain, dB  
Polarization loss, dB 
Receiver signal level, dBw 
Noise level, dBw 
Transmit ter  
1 
2 
Command 
3- Point  
Figure 1. - Telemetry system block diagram. 
C-70-1299 
Figure 2. - Niulticoder. 
Figure 3. - Frequency division multiplex assembly. 
C-70-!29! 
Figure 4. - Tape recorder. 
error Real tirne fl in lo6) (Playback ll i n  105) 
Figure 5. - System error block diagram. 
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antenna 
Command pulse 
distribution characteristics 
un i t  50 msec ( m i d  
20 to 33 V (peak) 
Verify to 
telemetry 
from TCG 
AGC'S to 
telemetry 
Figure 6. - Command system block diagram. 
Figure 7. - Command receiver. 
Figure 8. - Command decoder. 
Address Tone 1 Tone 2 Tone 3 Execute 
tone tone 
SYNC I I Tone 1 / Tone 2 I Tone 3 'rrit[ 
S 4 2 1 4 2 1 4 2 1 P  
Verify of command 216 
Figure 9. - Cornrnaiid and verify format. 
Figure 10. - Radiofrequency system block diagram. 
Figure 11. - Telemetry transmitter 
Spacecraft support u n i t  -' 
Spacecraft - ' 
(a)  Side view. 
Solar array -, -270' 0" 
( b )  Bottom view. 
Figure 13. - Sert  I1 antenna configuration. 
1 I SERT I1 bandwidth l imi tat ion 
Figure 12. - SERT I1 radiofrequency spectruni 
Gain, 
dB 
Figure 14. -Antenna system coverage. Frequency, 1420 megahertz; one-tenth scale model of 
SERT IIIAgena spacecraft; N4 monopoles ( turnst i le feeding); gain referenced to isotropic. 
Frequency, 
MHz 
----- 136 
--- 149 
VSWRc1 .5 to  1 
Figure 15. - SERT TI monopole impedance plotted against length. 
----.-“--.-- Frequency 
VSWR = 1.5 to 1 
Figure 16. - SERT I1 monopole impedance. Diameter, 5116 i n c h  (0.793 cm); length, 
18.8 inches (47.8 cm). 
array 
Figure 17. - Dipole pattern coverage. 
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